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ABSTRACT Many human tumors, particularly those of
epithelial origin, appear to express greatly reduced levels of
major histocompatibility complex class I antigens on their
surface. It has been previously reported that the class I gene
H_2Ld, introduced into adenovirus type 12-transformed mouse
cells, induces reversal of oncogenesis in immunocompetent
BALB/c mice. We have tested the hypothesis that the H-2Ld
gene, when transfected into HCT colon cancer cells, may alter
their transformed phenotype. Two H-2Ld transfectants, HCT-
Ii and HCT-If, were found to exhibit a markedly reduced-to-
virtually suppressed ability to form colonies in soft agar in
comparison to a transfectant (HCTh) carrying only the neomy-
cin-resistance gene. We also compared the tumorigenicity of
HCTh vs. HCT-If cells in two different strains of immunode-
ficient mice: nude (T-) and triple-deficient mutants (T-, NK-,
B-). At 28 days postinjection of 107 and 106 cells, the size and
growth rate of HCT-If tumors were greatly reduced compared
to HCTh cells. Therefore, as assayed in immunodeficient
animals, expression of the class I H-2Ld gene in HCT cells
appears to correlate with partial suppression ofthe tumorigenic
phenotype, suggesting that the expression of a transfected class
I gene may by itself alter the phenotype of the recipient cell and
that such phenotypic changes may be independent of the
immune system.

Mouse H-2 class I genes constitute a highly polymorphic gene
family belonging to the major histocompatibility complex.
They encode trans-membrane glycoproteins, which are ex-
pressed by virtually all cell types and are responsible for
rejection of tissues transplanted in noncongenic hosts. This
phenomenon has suggested an immunologic function for this
family of gene products (1), which are also known as
transplantation antigens. H-2 class I glycoproteins contain
five portions: two extracellular variable (polymorphic) do-
mains (a, and a2) at the NH2 terminus, followed by a constant
extracellular domain (a3), a trans-membrane domain that
anchors the antigen to the cell surface, and an intracytoplas-
mic domain at the carboxyl terminus. The three extracellular
domains bind noncovalently to the P2 microglobulin. It is
assumed that H-2 class I antigens direct the recognition of
neoplastic cells by cytotoxic T lymphocytes; H-2 molecules
would provide the context (major histocompatibility complex
restriction) for recognition of tumor-specific antigens, pres-
ent on the neoplastic-cell surface. Therefore, class I mole-
cules appear to play an essential role in the presentation of
tumor-specific antigens to the host's immune system (1).

Certain DNA tumor viruses can efficiently transform
rodent cultures, but these phenotypic transformants are not

necessarily tumorigenic. Rodent cells transformed by human
adenovirus types 2 and 5 (Ad2 and AdS) are nontumorigenic,
whereas transformants obtained with Adl2 are highly tumor-
igenic in syngeneic immunocompetent hosts (2). This differ-
ent behavior is associated with a reduction in the expression
of class I antigens in Adl2- vs. Ad5-Ela transformants (3).
This observation, made in rat cells, has been confirmed in
Adl2-transformed mouse cells, which have been shown to be
tumorigenic in syngeneic hosts (4). Moreover, by DNA-
mediated gene transfer, a cloned class I gene (H-2Ld) derived
from BALB/c mice has been introduced into Adl2 transfor-
mants, and the transfectants have been tested for tumorige-
nicity. The results of these experiments showed that, regard-
less of the cell dose, transfectants expressing high levels of
H-2Ld are much less tumorigenic in BALB/c mice than in the
parental cells (4). Although reversal of oncogen-sis is seen
only below a certain threshold of tumor cell dose, this
observation indicates that class I gene expression can medi-
ate reversion of the tumorigenic phenotype.

In the present study we provide evidence indicating that
HCT human colon cancer cells expressing a transfected
H-2Ld gene show partial suppression of (i) the transformed
phenotype as assessed by a strikingly decreased ability to
form colonies in soft agar and (ii) the tumorigenic potential
when injected into immunodeficient mice (nude as well as
triple-deficient mutants).

MATERIALS AND METHODS

Cell Cultures and Transfection. HCT (originally designated
HCT-15) are human colon adenocarcinoma cells (5) (Amer-
ican Type Culture Collection), that were propagated in
Dulbecco's modified Eagle's medium (DMEM) with 10%
fetal bovine serum (FBS). Exponentially growing HCT were
transfected using the calcium phosphate-precipitation tech-
nique (6) as modified by Wigler et al. (7). Donor DNAs were
the pLd4 plasmid (8) containing the complete genomic se-
quence of class I H-2Ld gene, including its regulatory
sequences, and the pRSV-neo plasmid (9) containing the
neomycin-resistance gene under the transcriptional control
of the long terminal repeat of the Rous sarcoma virus. The
two plasmids were cotransfected, and the resistant cells were
selected in DMEM plus 10% FBS containing G418 (GIBCO)
at 800 ,g/ml. Neomycin-resistant clones were picked 3
weeks after transfection and expanded in selective medium
for DNA and RNA extraction.

Abbreviations: TD, triple-deficient mice (T-, NK-, B-); DMEM,
Dulbecco's modified Eagle's medium; FBS, fetal bovine serum;
Ad2, Ad5, and Adl2, adenoviruses type 2, type 5, and type 12,
respectively.
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DNA and RNA Blot Hybridization. ChromosomalDNAfrom
neomycin-resistant clones was collected as previously de-
scribed (10), digested with EcoRI, electrophoresed through a
1% agarose gel, and transferred onto nitrocellulose filter
following alkali denaturation (11). Hybridization was per-
formed (12) using as a probe a purified Xba I-Xba I fragment
of p1.9 kilobases (kb) encompassing the 5' three exons of
H-2Ld. This fragment was 32P-labeled by nick-translation (13)
as modified by Weinstock et al. (14). After hybridization,
filters were washed at 650C in 0.lx SSC (lx SSC = 0.15 M
sodium chloride/0.015 M sodium citrate, pH 7) and 0.1%
NaDodSO4 before exposing for autoradiography using x-ray
films at -800C. Total RNA was extracted with the method of
Cathala et al. (15); poly(A)+ RNA was selected through
oligo(dT)-cellulose chromatography (16), size separated by
denaturing gel electrophoresis (17), and blot hybridized as
described above.
Growth in Soft Agar (18). HCTh, HCT-Ii, and HCT-If cells

were trypsinized to single-cell suspension and mixed with
0.3% Bacto-agar (Difco) in DMEM plus 10%o FBS to a final
concentration of =102 cells per ml. Ten milliliters of this
suspension were layered in 10-cm culture dishes containing a
base of 0.5% Bacto-agar in DMEM plus 10% FBS. Agar
plates were incubated in 5% C02/95% air at 370C and fed
once at 10 days. Colonies were scored at 3 weeks after staining
with neutral red.

Tumorigenicity Assays in Immunodeficient Animals. Two
types of immunodeficient mice were used: (i) nude (nu/nu)
mice lacking T cells (T-) and (ii) triple-deficient mutants (TD)
lacking T cells, natural killer cells, and an effective B-cell
response because of the xid mutation (T-, NK-, B-) (19-22).
Approximately 107 and 106 cells from HCTh and HCT-If
cultures were prepared after trypsinization in 0.1-ml inocu-
lum and injected s.c. into the right axilla of five animals for
each strain. The mice were followed for 4 weeks for tumor
development. Animals were kept in the pathogen-free colony
at Massachusetts General Hospital (23).

RESULTS
Transfection and Expression ofH-2Ld in HCT Colon Cancer

Cells. HCT cells derived from colon adenocarcinoma are
fast-growing, epithelial-like human cells that we have previ-
ously characterized (24). We have used these cells as recip-
ients in transfection experiments using the calcium phos-
phate-DNA precipitation technique (6, 7). As donor DNA,
we used the plasmid pLd4, which contains the entire genomic
sequence for the H-2Ld gene (25), including the promoter and
regulatory sequences (8). Because no selection is available to
identify and clone stable HCT transfectants carrying the
H-2Ld gene integrated into the chromosomal DNA, we
cotransfected pLd4 with the plasmid pRSV-neo (9), contain-
ing a selectable marker for neomycin resistance. After
selection with G418-containing culture medium, we isolated
neomycin-resistant clones that we expanded to extract chro-
mosomal DNA for Southern blot analysis. Fig. 1 shows the
short and long exposure (Left and Right, respectively) offour
different chromosomal DNAs, clearly indicating positive
hybridization for clones f and i (designated HCT-If and
HCT-Ii, respectively). The marker identifies the linear pLd4
(=15 kb), because we used EcoRI as a restriction enzyme,
which cuts only once in the plasmid. This is also the major
band in HCT-Ii, whereas HCT-If exhibits two additional
slower-migrating bands. The additional signal evident in the
long exposure is probably due to cross-hybridization between
our probe and endogenous HLA class I sequences.
To determine whether the transfected sequences were

being transcribed in HCT-If and HCT-Ii cells, we isolated
poly(A)+ RNA from both clones and from the neomycin-
resistant HCTh, as a negative control; Fig. 2 shows the RNA
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FIG. 1. Southern blot analysis of chromosomal DNAs. Chro-
mosomal DNA was extracted from neomycin-resistant HCT clones
(a-k), and =10-,.g aliquots were loaded in each lane after EcoRl
digestion. The nitrocellulose filter was hybridized with a 32P-labeled
nick-translated Xba I-Xba I fragment encompassing the 5' three
exons of H-2Ld gene. Size of the linear pLd4 is indicated. Left and
Right represent short and long exposure, respectively, of the same
experiment.

blot hybridization of these RNAs using the H-2Ld specific
probe. Although HCTh RNA exhibits no hybridization sig-
nal, both HCT-If and HCT-Ii clones appear to contain a
transcript of =1.7 kb, which is expressed at about the same
level independent of the presence or absence of G418 in the
culture medium. Fig. 2 shows the short and long exposure
(Left and Right, respectively) of the RNA blot hybridization
of HCT-Ii, HCTh, and HCT-If clones, from which the RNA
was extracted after culturing the cells in the presence (+) or
absence (-) ofG418. Although HCT-If cells contain =10-fold
more H-2Ld DNA integrated into their genome than do
HCT-Ii cells, the amount of H-2Ld RNA detected by RNA
hybridization was about equivalent. Thus, the transcriptional
state of both clones for the H-2Ld gene may be independent
of copy number in confluent monolayers (which were used as
our source of RNA). Alternatively, only one or a limited
number of H-2Ld gene equivalents may be transcriptionally
active in HCT-If. Therefore, this result indicates that HCT-Ii
and If clones do express the transfected H-2Ld gene as
mRNA. Moreover, HCT parental cells and seven indepen-
dent G418-resistant clones (including HCTh, Ii and If) were
found to be negative for surface expression of HLA and
.82-microglobulin, suggesting that the H-2Ld gene transfected
in HCT cells is expressed in the absence of detectable
endogenous class I antigens (S.G.-C., unpublished work).

Partial Suppression of Anchorage-Independent Growth in
Semi-Solid Medium of H-2Ld Transfectants. The process of

Ii h If Ii h If
+ - + _ + _ + _-

+**_ 1.7 kb

FIG. 2. RNA blot analysis of poly(A)+ RNAs. Samples were
obtained from HCT-Ii, HCTh, and HCT-If clones, grown in the
presence (+) or absence (-) of G418. Thirteen to fifteen micrograms
of RNA sample was loaded per lane. Hybridization conditions and
probe used were the same as for the DNA blot. Size of the H-2Ld
transcript is indicated. Left and Right represent short and long
exposure, respectively, of the same experiment.
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neoplastic transformation is accompanied by a series of
phenotypic changes that are expressed during in vitro growth
(26). In general, there is a good correlation between anchor-
age independence-the ability of cells to grow in vitro
without attachment to a solid phase-and tumorigenicity
(27). We, therefore, performed experiments of anchorage-
independent growth to test the ability of HCTh, HCT-Ii, and
HCT-If cells to form colonies in soft agar. After trypsiniza-
tion of cultures grown on plastic dishes, 103 cells per 10-cm
plate were resuspended in DMEM containing 10% FBS and
0.3% Bacto-agar, and the suspension was layered on a base
of DMEM containing 10o FBS and 0.5% Bacto-agar. The
agar plates were then incubated for 3 weeks, and after
staining the colonies with neutral red in phosphate-buffered
saline, their size and number were scored under a dissecting
microscope. Table 1 summarizes such an experiment. HCTh
and HCT-Ii exhibited a colony-forming efficiency of =45%,
although HCT-Ii cells gave rise to much smaller colonies than
did HCTh (Fig. 3a). In separate experiments, we found no
significant difference between HCTh and untransfected
(neomycin-sensitive) HCT parental cells in the ability to form
colonies in soft agar, as well as in colony size (data not
shown). This result tends to rule out the possibility that
pRSV-neo expression affects the ability of HCTh cells to
grow in soft agar. Fig. 3b shows the comparison between
HCTh and HCT-If where colonies could be identified only
microscopically; the =6% efficiency of colony formation
scored for HCT-If (Table 1) probably represents an overes-
timation. The star-like appearance of some HCTh colonies
was due to precipitation of neutral red stain. Fig. 3 c-e show
representative fields of HCTh, HCT-Ii, and HCT-If agar

Table 1. Growth in soft agar of HCT transfectants

Efficiency of colony formation, %

HCTh* HCT-Iit HCT-If t

45 ± 5 47 ± 7 6 ± 2

The efficiency of colony formation was somewhat variable in
different experiments, but the ratios between clones were virtually
unchanged within each experiment.
*Colonies of various size and shape; many large colonies.
tColonies of homogeneously small size.
tMostly microscopic colonies.

plates, respectively, photographed at higher magnification.
These experiments indicate that H-2Ld gene expression is
associated with partial suppression of the ability of HCT
colon cancer cells to form colonies in soft agar (partial
suppression of anchorage-independent growth). We have
tested 13 additional clones (6 of which express the H-2Ld
gene) for anchorage-independent growth and found that the
H-2Ld transfectants exhibit a virtually suppressed ability to
form colonies in soft agar (like HCT-If), whereas only 1 of 7
G418-resistant, H-2Ld-negative clones was unable to grow in
soft agar (unpublished work).

Partial Suppression of Tumorigenicity in Immunodeficient
Mice. Nude mice are hairless mutants affected by an auto-
somal recessive mutation (nu/nu) associated with absence of
thymus-derived mature T-lymphocytes (T-) and thymus-de-
pendent antibody response (19). Triple-deficient mutants,
obtained through special breeding steps, are affected by two
additional mutations-beige (bg), which is associated with a
complete and selective impairment of natural killer (NK-)
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FIG. 3. Growth in semisolid medium. Single-cell suspensions from HCTh, HCT-Ii, and HCT-If were mixed in 0.3% soft agar, as described,
at a concentration of 103 cells per 10-cm dish, incubated for 3 weeks, and stained with neutral red. (a) Comparison between HCTh (at left) and
HCT-Ii (at right) at low magnification. (b) Comparison between HCTh (at left) and HCT-If (at right) at low magnification. (c-e) Representative
fields at higher magnification of agar colonies from HCTh, HCT-Ii, and HCT-If, respectively (from left to right).
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cells (20), and xid (21, 22), which is associated with a block
in the maturation ofB cells (B-). These animals represent the
host of choice for experiments aimed at assessing the tumo-
rigenicity of cell cultures derived from spontaneous human
neoplasias. Therefore, we injected 107 and 106 cells sus-
pended in 0.1 ml of culture medium into five animals of each
strain for a total of 20 animals per cell line. Fig. 4 shows the
kinetics of tumor growth for HCTh and HCT-If cells up to 4
weeks after injection. Size of the-tumors is expressed as the
mean tumor volume of the five animals in each group. HCTh
tumors grew faster and larger in triple-deficient mutants
(Upper) than in nude mice (Lower). Shortly after the fourth
week, most animals had to be sacrificed because of large
tumor size. In the triple-deficient mutants, no detectable
growth occurred after injection of 106 HCT-If cells. In the
following weeks tumors did grow in triple-deficient mice
injected with HCT-If cells, but the growth rate appeared to be
much slower than with HCTh tumors. In nude mice injected
with HCT-If cells, we could measure tumor growth, although
the rate appeared to be much slower. Tumor volumes were
calculated from their diameter on the assumption that they
were essentially spherical. Fig. 5a shows a triple-deficient
mouse at 4 weeks after injection with 107 HCTh cells; Fig. Sb
shows the only triple-deficient mouse injected with 107
HCT-If cells that had detectable tumor growth 4 weeks after
injection.

Cell cultures grown in parallel with the ones used for
tumorigenicity studies were characterized for their neomy-
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FIG. 4. Growth curve of HCTh and HCT-If tumors in immu-
nodeficient mice. Cell suspensions (0.1-ml inoculum) were injected
s.c. into the right axilla offive animals for each strain. (Upper) Tumor
growth in triple-deficient mice (TD) injected with 10' HCTh cells
(H7, [1), 106 HCTh cells (H6, *), 107 HCT-If cells (F7, o), 106 HCT-If
cells (F6, *); (Lower) tumor growth in nude mice of HCTh and
HCT-If cells (same symbols).

FIG. 5. Tumor growth at 4 weeks in triple-deficient (T-, NH-,
B-) mice. (a) Triple-deficient mouse 28 days after injection into the
right axilla with 107 HCTh cells. (b) Triple-deficient mouse 28 days
after injection with 107 HCT-If cells; this is the only animal in five
animals that showed detectable tumor growth 4 weeks postinjection.

cin-resistant phenotype and for their karyotype to rule out
major changes in their genotype. We have confirmed that
both HCTh and HCT-If are G418-resistant cell lines; their
respective karyotypes demonstrated that they are both male
human cells with specific chromosomal markers in common,
providing evidence that the two cell lines are related (data
not shown).

DISCUSSION
Our results indicate that H-2Ld expression correlates with
partial suppression ofanchorage-independent growth in HCT
class I transfectants and decreased tumorigenicity after
injection of HCT-If cells in two different strains of immuno-
deficient mice (nude and triple-deficient mutants). It is
premature to extend the possible significance of these find-
ings to other class I genes because of their extensive
polymorphism, and although expression of class I antigens is
down-regulated in several tumor tissues particularly those of
epithelial origin (1, 28), other tumors have been found to
express higher levels of class I gene products (1, 29-31).

Consistent with our results is the observation of Kulesh
and Greene (32), who found that interferon (a potent inducer
of class I gene expression) could restore contact inhibition
and "shape-dependent" proliferation in malignant cells (33).
In studies that parallel those reported here, D. Ingber and J.
Folkman (personal communication) have observed that
HCT-If cells plated on plastic substrates coated with increas-
ing concentrations of fibronectin exhibit a higher degree of
spreading than that exhibited by HCTh (measured by the
surface area covered by the cells). We have also found that
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HCT-If cells express less glucose transporter-specific RNA
by a factor of 10 than do HCTh (R.M.S., unpublished work),
consistent with previous reports of increased glucose trans-
porter mRNA in transformed vs. normal cells (34, 35). Taken
together, the present findings support the concept that
expression of H-2Ld in HCT cells correlates with partial
suppression of the tumorigenic phenotype.

It has been reported that the transfection procedure by
itself may induce substantial phenotypic changes in indepen-
dent transfectants (36). Interestingly, in that study most ofthe
clones exhibiting a less transformed phenotype expressed
higher levels of MHC class I genes. We believe those
observations are more likely the result of tumor heterogene-
ity which, to some degree, we have also observed with other
HCT transfectants. However, tumor heterogeneity does not
appear to be an adequate explanation for our finding that
H-2L' expression correlated with a consistent down-
regulation of the transformed phenotype in 13 additional
clones tested so far, 6 of which express the transfected gene.
Our tumorigenicity studies in immunodeficient mice sug-

gest that class I antigens, in addition to their well established
role in the control of tumor growth via the immune system,
may also be involved in the induction of phenotypes that can
alter cell behavior independent of the immune system. These
observations are also consistent with the recent report of a
specific interaction between MHC-I antigens and hormone
receptors, which could trigger a cellular response (37).
Therefore, the phenotypic changes induced by H-2Ld are
consistent with the possible functional role(s) of class I gene
products as surface membrane proteins involved in organo-
genesis and/or cell differentiation (38, 39).
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